We show that the gravitational interaction among the elements of a system made by mixing particle leads to the violation of the time reversal symmetry while the CP symmetry is preserved hence inducing a CP T symmetry violation. This violation is directly associated to the rising of the entanglement among the elements of the system. This many-body effect, which scales with the number of the elements in the system, could have played a relevant role in the generation of the asymmetry between matter and antimatter in the first stages of the universe. Experiments, based on Rydberg atoms confined in microtraps can simulate the mixing and the mutual interaction, and could allow to test the mechanism here presented.
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I. INTRODUCTION
Particle mixing and oscillations have provided some of the most direct and robust indications of physics beyond the standard model [1] [2] [3] . We can find several examples of such phenomenon both in bosonic and fermionic sector. In the first we have mixing among axion-photon [4] [5] [6] , η-η ′ [7] , kaons [8] and B meson [9] . In the second we can find the neutrino flavor oscillation [10, 11] , the neutrons -antineutron oscillations that could be observed in the next generation of experiments using slow neutrons with kinetic energies of a few meV [12] and the quark mixing [13] . A part from the last one, which involves particles confined inside hadrons, all the other mixing phenomena concern only neutral particles. The physical mechanism behind all these mixing is basically the same and require two basic ingredients. The first of them is that the physical fields, called flavor fields, do not coincide with the mass fields that are the free field operators with definite mass, i.e. the eigenstates of the single particle problem. The second is that the different mass fields are associated to masses that are slightly different.
Since the difference between the masses is very small, also weak perturbations can produce measurable deviations from vacuum oscillation frequencies. Their extreme sensibility to a wide set of perturbations, is at the basis of different experiment proposal. To provide an example, many studies in recent years have been devoted to the possibility to test the quantum nature of gravity using concepts of quantum information theory [14, 15] . These proposals are based on the idea of using a system in which the intensity of the gravitational interaction depends on some internal degrees of freedom [16] . The sensibility of the oscillation frequency of neutral particles such as neutrino provide a natural system where to analyze these effects [17] . Indeed, it is well-known that neutrinos interact exclusively via gravity and weak interaction. This last in-teraction is stronger than gravity but has an extremely short range [18] (about d = 10 −16 /10 −18 m) and, hence, it can be neglected for distances bigger than d for which, on the contrary, gravity survives.
The effects of gravity on the oscillation of neutral particles are not limited to a change in the frequency of oscillation between different flavor states. Gravity is also considered as one of the possible sources of decoherence in flavor oscillation [19] [20] [21] that leads to many interesting effects like the CP symmetry violation in particle mixing [22] [23] [24] [25] [26] [27] [28] . In all these papers the non unitary evolution is introduced by considering a dissipator, that preserves the complete positivity and the trace of the density matrix [29, 30] , that summarize the effects of all possible sources of decoherence. Hence, this phenomenologic approach does not allow to analyze the origin and the relative weight of the different sources of decoherence.
In the present paper we choose to follow a different path. By neglecting all the other sources of decoherence, we study, exactly, the dynamics of a system made by mixed neutral particles evolving under the self gravity. We prove that, because of the difference in mass of the different free fields, the self gravity induces a violation of the T symmetry while the CP symmetry is preserved. This implies a violation of the CP T symmetry. Such a violation represents an emerging many body effects associated to the rising of a non-vanishing entanglement among the different fields. Projecting on the Hilbert space of a single particle, the entanglement induces the presence of a dissipative evolution whose effects can be quantified by the purity [31] . Both the entanglement and the CP T violation are extremely small, and difficult to observe. However, being a true many-body effect, its relevance is directly related to the number of elements of the systems N and to the density n of the particle. Therefore, the CP T violation induced by the gravity could play an important role in very dense astrophysical objects and it could have affected the early stages of the universe [32] .
The paper is organized as follows. In Sec. II, for reader convenience, we resume the main results of the quantum mechanical approach to the particle mixing. In Sec. III we consider the effects of gravitational interaction in a simple models made by two interacting fields, and we show the CP T sym-metry breaking and the role-played by the entanglement. In Sec. IV we generalize the formalism to the case of many interacting particles and in Sec. V we draw our conclusions.
II. NEUTRAL PARTICLE OSCILLATION IN VACUUM
In this section we review some aspects of neutral particle oscillations. For the sake of simplicity, we take into account the case of the mixing of two flavor fields named n A and n B . To fix the ideas, in case of neutrino oscillation the two flavor fields coincide with two leptonic flavors as n A = ν e and n B = ν µ while, in case of neutron -antineutron oscillation n A = n and n B =n. Because the flavor fields do not coincide with the mass ones, the mixing relations can be written as
where θ is the mixing angle and φ is the Majorana phase which is zero for Dirac fermions [2] . In absence of any interaction with the environment, the particle can be considered as a closed system traveling in the space with an energy E. Assuming that the masses m i are much smaller than such energy, we can write the Hamiltonian of mixed fields as
Defining the operator σ which discriminates between the mass eigenstates, σ = |m 1 m 1 | − |m 2 m 2 |, and neglecting state independent terms proportional to the identity operator in the Hamiltonian, eq. (2) becomes
The single particle state, that at t = 0 is in one of the two flavor states of eq. (1), for t > 0 evolves under the effect of H (1) . Due to this evolution we have, for t > 0, a non vanishing probability to observe a change in the flavor state of the particle. The time dependent expression of the probability for a particle to change its flavor state is given by P nA→nB = | n B | exp(−ıHt) |n A | 2 and is invariant under the exchange of flavors states, i.e. P nA→nB = P nB →nA . Explicitly, we have
This is the well-known Pontecorvo formula [10] that describe the oscillation of a neutral particle in the vacuum.
III. OSCILLATION OF TWO INTERACTING NEUTRAL PARTICLES
Let us now consider the case of two particles that interact gravitationally. For sake of simplicity we assume that they travel in the space with the same energy, along the same direction and hence their relative distance d is time-independent. Moreover, we assume the validity of the equivalence principle between the inertial and the gravitational mass. A possible violation of such principle in which the free Hamiltonian and the gravitational interaction term does not commute would lead to a totally different physical behavior that we will analyze in a following paper. Within such assumptions the Hamiltonian of the problem becomes
where G is the gravitational constant, d the distance between the two particles and in the two particle state the first concern the particle i and the second the particle j. By recalling the definition of σ and neglecting all terms proportional to the identity, the Hamiltonian of the system can be written as
The presence of the state dependent gravitational interaction in eq. (5) induces a change in the local field and generates a two body term. Considering the standard Newtonian potential the coefficients ω and Ω in eq. (6) are respectively equal
. It should be noted that, replacing the standard Newtonian potential with ghost free theories of gravity [33] , we will have a change in the expression of g, without affecting neither the form of the Hamiltonian in eq. (6) nor the physical phenomena that we will discuss in the following.
At t = 0, the initial state of the whole system is a two-body fully separable pure flavor state of the form |ψ(0) = |n α 1 |n β 2 where α and β could be all possible combination of flavors. At t > 0 the state becomes |ψ(t) = U (t) |ψ(0) where the time evolution operator U (t) = exp(−ıtH (2) ) is unitary. Therefore, for any time t ≥ 0 the state |ψ(t) is a pure state exactly as at t = 0.
However, if we wish to observe such a system we have to take into account that the interaction between the system and a generic experimental apparatus will act at the level of single particle. Therefore, in order to evaluate experimentally accessible quantities, we have to project |ψ(t) in the Hilbert space defined on a single field, i.e. we have to trace out all the degrees of freedom of the system except those of a single particle, i.e. ρ i (t) = Tr j (|ψ(t) ψ(t)|). But, while |ψ(t) is a pure state for all t ≥ 0, the reduced density state ρ i (t) will be pure if and only if there is no entanglement between the two particles. Indeed, introducing the purity (P(ρ i (t)) = Tr(ρ 2 i (t))) as a quantity that measure how close a state is to a pure state [31] we have that the 2-Renyi entropy − ln(P(ρ i (t))) represents a well-defined measure of bipartite entanglement [34] [35] [36] .
In our case it is easy to verify that the time-dependent expression of purity is, independently on the initial state, equal
In the presence of flavor mixing, i.e. for θ = 0, π, and for any time t = n π 2Ω , (with n integer), we have P(ρ i (t)) < 1 and thus the single particle state is not a pure state and hence |ψ(t) is entangled. From eq. (7), we recover that the presence of the entanglement between two flavor fields is a direct consequence of the presence of the gravitational interaction and vanishes if Ω is neglected. It can also be considered a proof of the quantum nature of the gravity taking into account that quantum correlations, as the entanglement, can be created only through a quantum channel [37] .
Let us now show how the presence of the entanglement induces a violation of T and CP T symmetry. To provide this proof we can design a simple conceptual experiment. We consider two copies of our system of particles. We assume that two copies are identical except for the fact that, in the initial state of the first, both particles are in the state |n A , while in the second are both in |n B . At time t > 0, we observe, in both copies, one of the two particles, and we analyze the transition probability.
Within this hypothesis, accordingly with eq. (7), for t > 0 the single flavor state is not, in general, a pure state. We indicate the two mixed states with ρ A (t) and ρ B (t) where the first (second) is the reduced density matrix for any single element in the first (second) copy of our experiment. Consequently, the oscillation formulae become P nA→nB = Tr(ρ A (t) |n B n B |) for the first copy, and P nB →nA = Tr(ρ B (t) |n A n A |) for the second one. Explicitly, we obtain
+ cos(2θ) sin(2ωt) sin(2Ωt)] ;
− cos(2θ) sin(2ωt) sin(2Ωt)] .
It is easy to note that the probabilities in eqs. (8) are independent on the Majorana phase φ, and hence the CP symmetry is preserved, ∆ CP = 0. On the contrary, since the probability is not invariant under the exchange of the two flavors, we have a violation of the time-reversal symmetry equal to
For Ω = 0, ∆ T = 0 only if the entanglement vanishes, i.e. t = π/Ω, or the mixing angle satisfies the condition θ = kπ 4 , k ∈ Integer. Since ∆ T = ∆ CP implies the violation of the CP T symmetry, we obtain that the entanglement induces a CP T symmetry breaking. Eqs. (8) are obtained by assuming constant the distance between the two flavor fields. However, our result can be easily generalized to the case of time dependent distance. We need only to replace, ωt with A simple numerical analysis of the above model shows that, for the most well-known particle mixing, the non-unitary evolution effect is negligible. However, we point out that this effect is collective and, as we show in the following, that its relevance increases proportionally to the number of particles in the system.
IV. OSCILLATION OF N INTERACTING NEUTRAL PARTICLES
We now generalize the scheme presented above to the case where each copy is made by a large number N of particles. As in the previous section we assume that all the elements of a system travel in the same direction with the same energy E and hence all the relative distances in the system are constant.
Within this hypothesis, the system evolves with a time independent Hamiltonian that is the generalization of that in eq. (6), i.e.
The main difference between eq. (6) and eq. (10) is that, in this last case, all the parameters of the Hamiltonian are particle dependent. Assuming the Newtonian potential we have that ω i and Ω i,j are now given by
2 , where g i,j = G 4di,j . Let us assume that at time t = 0, the first M particles are created in the state |n A and the rest is in the state |n B . Therefore, the initial state of this system is |ψ = M α=1 |n A α N −M β=M+1 |n B β . At t > 0, the state of the whole system is given by |ψ(t) = U (t) |ψ(0) , where the unitary time evolution operator is U (t) = exp(−ıtH (N ) ). For any single particle, the reduced density matrix depends on the initial flavour states. However, we can obtain the following general expression
where ζ i is equal to +1 for i ≤ M , and to −1 for i ≥ M , a i (t) is given by
and we have assumed Ω i,i = 0. Since the couplings Ω i,j are not site translational invariant, we have that |a i (t)| 2 < 1 ∀t > 0 and it reduces to 1 only at t = 0. Taking into account that the global state is pure and that the purity of ρ i is equal to
we have that for t > 0 any single particle is entangled with the rest of the system. By means of eq. (11) we can generalize the result presented in eqs. (8) by analyzing the oscillation probability in two copies of the same system where the first one has M = N and the second has M = 0. Differently from the previous case, now the reduced density matrices at t > 0, and hence also the oscillation probabilities, are site-dependent and, hence, we have to consider the average over all elements of the system. Explicitly we obtain
where Re(a i (t)) is the real part of a i (t). A similar result holds also for P nB →nA . As well as in eq. (8), also the transition probability in eq. (14) does not depend on the CP violating Majorana phase, then ∆ CP = 0. On the other hand P nA→nB = P nB →nA because of the dependence on the flavor state of the function a i (t). To show that, let us assume Ω i,j t ≪ 1. Then we have
where the sign + is for the system that at t = 0 are composed only by n A particles (M = N ), and the sign − is for systems that, at t = 0 are composed only by n B particles (M = 0). By using eqs. (14) and (15), we have the T -symmetry violation is
Being ∆ CP = ∆ T , then the CP T symmetry is broken. It should be noted that, since the gravity has a very long range, then the sum in eq. (16) contains N (N − 1) non-zero terms (we assumed Ω i,i = 0 ∀i). Moreover, since gravity is attractive, both ω i and Ω i , j are positive regardless the particular choice of i and j. Therefore, for time short enough such that ω i t < π, the ∆ T results to be proportional to the number and of particles in the system. Similar CP T violation can be obtained for all configurations in which the difference M and N − M is of the same order of magnitude of N . Indeed, when this does not happens, as in the case in which at t = 0 we have N/2 particles in the flavor state |n A and N/2 in |n B , it is possible to show, using the Lindeberg-Lévy theorem [38] , that ∆ T is proportional to √ N . This result is of extreme relevance since it provides a simple process which could explain the baryon-asymmetry in the early instant of the universe [32] .
V. CONCLUSIONS
We have shown that the effects of gravity in a self interacting particles mixing system leads to the CP T violation. This violation, that represents a many-body effects is related to the emergence of a non-zero entanglement among the elements of the system induced by the fact that different eigenstates of the free Hamiltonian have different masses. Since the gravitational interaction is weak and the difference of masses for neutral mixed systems are very small, the violation of CP T symmetry here shown is, small. However, the gravitational interaction is additive and proportional to the number of element of the system and to its density. Therefore, the collective effect that we have analyzed could play a crucial role in galactic object and in the first stage of the Universe where the densities and the number of such particles are very high.
The one presented in this article is not the first CP T symmetry violation discovered in the context of neutral particle oscillations. Above all, in the field of neutrino physics, several studies have been devoted to the analysis of symmetry violations induced by a dissipative dynamic [25, 26, 28] . However, our work presents several aspects of novelty. Among them, two are the most relevant. The first is that while in previous ones a non-unitary dynamic were assumed a priori choosing the dissipator with the only constrain to ensure the positivity of the density matrix, here we have considered an exact evolution of the system. The second is that in all previous paper the CP T violation was generated by a violation of CP while in our case the symmetry violated is the time-reveral one.
However, our result should not be considered in contrast with what is known in literature. The differences can be explained by the fact that, while the dissipators take into account a wide family of physical source of decoherence, we have limited our analysis to the effects due to the self gravitational interaction. In this way we have neglected all the other possible sources of decoherence as the one associated to the quantum nature of the gravity [39] [40] [41] [42] [43] . Moreover, we have also assumed the validity of the equivalence principle and, as we said in the third section, its violation would lead to a completely different phenomenology. Nevertheless, our work open the way to several other analysis, more complete that the present ones, that can spread some light in several open problems in particles physics.
Moreover it is worth to note that the mechanism here presented is not only limited to gravitational interaction. In fact the two main requirements are 1) the presence of a system made by neutral particles whose flavor states, i.e. the states in which they are created and detected, do not coincide with the eigenstates of a free particle Hamiltonian; 2) The presence of an interaction to which the various eigenstates of the free particle Hamiltonian respond with different intensity. In these situations the interaction, not necessarily of gravitational origin, among two or more of these particles will generate a violation of the CP T symmetry in the oscillation.
Taking into account these two basic requirement, it is possible to suggest that table-top experiments, based on Rydberg atoms confined in micro traps and optically manipulated [44] , can simulate the mixing and the mutual interaction. In this system the two internal states, i. e. the ground state and one highly excited Rydberg level can represent the mass eigenstates, two particular orthonormal superpositions can simulate the flavor states, and the dipole-dipole interaction can play the role of the gravity [45] [46] [47] . Thus, next experiments on atomic physics could allow to test the fundamental laws and symmetries of nature.
